Chronic obstructive pulmonary disease (COPD) is predicted to become the third most frequent cause of death globally by 2030, and currently affects more than 80 million people worldwide \[[@b1]\]. The most characteristic symptoms of COPD are chronic and progressive dyspnoea, cough and sputum production \[[@b2]\], with dyspnoea usually being the most prominent and distressing symptom \[[@b3]\]. The main pathophysiological features of COPD are expiratory airflow limitation and air trapping, which manifest as lung hyperinflation and dynamic lung hyperinflation during increased ventilation \[[@b3], [@b4]\]. This lung hyperinflation contributes to the dyspnoea and resultant activity limitations during stable disease, as well as the acute worsening of symptoms that occur during exacerbations. As COPD progresses, the severity of dyspnoea as well as the severity and frequency of exacerbations increase, leading to a reduction in patients' daily activities and health-related quality of life (HRQoL) \[[@b2], [@b4], [@b5]\].

Exacerbations of COPD cause a more rapid decline in lung function \[[@b6]\] and result in increased mortality and hospital admissions \[[@b5]\], with associated increases in healthcare resource utilisation and cost \[[@b7], [@b8]\]. According to the National Institute for Health and Clinical Excellence (NICE) guidelines in 2010, COPD was the second largest cause of emergency admission in the UK, with one in eight emergency admissions to hospital resulting from COPD, accounting for more than £800 million in direct healthcare costs \[[@b9]\]. The most recent Global Initiative for Chronic Obstructive Lung Disease (GOLD) guidelines have, therefore, highlighted the importance of treating exacerbations effectively and preventing future exacerbations \[[@b2]\].

Pharmacological management of moderate and more severe, stable COPD is centred on long-acting bronchodilators, which include two classes of drugs, the long-acting β~2~-agonists (LABAs) and the long-acting anti-muscarinics (LAMAs) \[[@b2], [@b9]\]. Patients with severe COPD who experience repeated exacerbations despite maintenance therapy with a bronchodilator would usually receive an inhaled corticosteroid (ICS), specifically for the management of exacerbations \[[@b2]\]. ICS treatment can potentially reduce the risk of exacerbations \[[@b10]\]; however, there is now increasing evidence from large clinical studies that treatment with long-acting bronchodilators also has a beneficial effect on exacerbations \[[@b11]--[@b14]\]. It has also been argued that the bronchodilator component of fixed combinations of ICS and LABAs contributes substantially to their effect on exacerbations \[[@b11]--[@b15]\].

In this review, we will consider the evidence for a preventative effect of long-acting bronchodilator treatment on COPD exacerbations, and explore possible mechanisms for such an effect, using data from these recent large clinical studies.

EXACERBATIONS OF COPD {#s2}
=====================

Aetiology and epidemiology {#s2a}
--------------------------

Increased obstruction of the small airways and worsening lung hyperinflation during COPD exacerbations is associated with increased airway inflammation and systemic inflammation, compared with stable COPD \[[@b4], [@b16]--[@b18]\]. Furthermore, patients with more severe COPD demonstrate greater increases in airway and systemic inflammation during exacerbations than those with milder COPD, indicating that baseline severity of COPD is predictive of exacerbation severity \[[@b19]\].

COPD exacerbations are heterogeneous events caused by complex interactions between the host, respiratory viruses, airway bacteria and environmental pollution, which lead to an increase in the inflammatory burden \[[@b5]\]. In general, viral and bacterial infections are the most important triggers of exacerbations \[[@b20]--[@b22]\]. Respiratory bacteria and viruses often act in combination, and have a synergistic inflammatory effect in COPD exacerbations \[[@b5], [@b19]\]. Co-infection with viruses and bacteria has been detected in 25% of exacerbations and is associated with more severe functional impairment and longer hospitalisations \[[@b23]\]. However, in approximately one-third of severe exacerbations a specific aetiology cannot be identified \[[@b2], [@b20]\].

Although exacerbations generally become more frequent and more severe as COPD progresses, a specific phenotype of patients experience a high frequency of exacerbations independent of disease severity \[[@b24]\]. Indeed, a history of frequent exacerbations is often the best predictor of future exacerbations, with patients having consistent exacerbation frequencies when studied from year to year \[[@b24]--[@b26]\]. There is evidence that an initial exacerbation increases susceptibility to a subsequent one; hence exacerbations tend to occur in temporal clusters \[[@b27], [@b28]\]. The high-risk period for recurrence was shown to be within 8 weeks after the initial exacerbation.

Until recently, few studies had investigated the pattern of onset of COPD exacerbations. Using data from daily symptom diaries of 212 patients with COPD, it has now been shown that COPD exacerbations exhibit two distinct patterns, sudden onset and gradual onset ([fig. 1](#erj-40-06-1545-f01){ref-type="fig"}) and that these two types were found to be predictive of subsequent clinical outcomes \[[@b29]\].

![Time course and calculation of the onset and duration of exacerbation (E) intervals: a sudden onset exacerbation is shown on the left (1,115 (56%) out of 1,995 exacerbation events) and a gradual onset exacerbation is shown on the right (888 (44%) out of 1,995 exacerbation events). The opening event (O) was defined as the first day of a worsening of respiratory symptoms above usual baseline values (*i.e.* a daily symptom score ≥1). An exacerbation was defined as the first of at least two consecutive days on which the patient recorded at least two new or worsening symptoms, at least one of which was a major symptom (*i.e.* a daily symptom score of ≥6 points for two consecutive days). Closing (C) was defined as the first of five consecutive days in which symptoms had returned to their usual baseline levels. The dotted line indicates the exacerbation threshold. OE: number of days between an opening event and the first day of the exacerbation event. Reproduced from \[[@b29]\].](erj-40-06-1545-f01){#erj-40-06-1545-f01}

Sudden onset exacerbations (exacerbation threshold crossed on the same day the symptoms started) were associated with significantly more respiratory symptoms than gradual onset exacerbations (exacerbation threshold crossed ≥1 day after symptoms started; p\<0.001) \[[@b29]\]. However, patients with sudden onset exacerbations experienced a significantly shorter recovery time than patients with gradual onset exacerbations (p\<0.001), which the investigators considered clinically important. This study also showed that in most cases, worsening of respiratory symptoms resolved spontaneously and did not result in an exacerbation \[[@b29]\].

Despite the worsening of symptoms and significant reduction in quality of life associated with exacerbations, as many as 50% of exacerbations go unreported \[[@b26], [@b30]\]. This may reflect patients with COPD just accepting their condition and/or being accustomed to symptom fluctuation as the disease progresses \[[@b26]\]. Identification and education of patients who delay or fail to seek treatment for exacerbations might increase and improve the rate of exacerbation reporting, and reduce patient morbidity and the substantial burden of in-patient treatment of exacerbations on healthcare services \[[@b31]\].

Pathophysiology of exacerbations {#s2b}
--------------------------------

Although the mechanisms involved in exacerbations of COPD are still not fully established, they involve an amplified inflammatory response \[[@b16], [@b19], [@b23]\]. These increases in airway inflammation during an exacerbation result in increased ventilation/perfusion imbalance, leading to worsening hyperinflation, dyspnoea, hypoxaemia and hypercapnia in more severe COPD \[[@b32]\]. It has also been hypothesised that increased local expression of pro-inflammatory cytokines observed in the external intercostal muscles of patients with COPD may contribute to respiratory muscle dysfunction \[[@b33]\], potentially having a progressively detrimental impact as ventilatory demands increase, such as during a COPD exacerbation.

The progression of stable COPD is characterised by increased numbers of CD8+ lymphocytes, macrophages and neutrophils in the bronchial mucosa \[[@b34]\]. This pattern of inflammation changes during an exacerbation to predominantly neutrophilic inflammation \[[@b18], [@b23]\]. Furthermore, the clinical severity and inflammatory responses in COPD exacerbations are modulated by the nature of the infecting organism, with bacterial and viral pathogens interacting to cause additional rises in inflammatory markers and greater exacerbation severity \[[@b19], [@b35]\]. Sputum and peripheral blood neutrophils have been shown to be significantly increased in all exacerbations, regardless of aetiology, compared with levels during stable convalescence (p\<0.001 for both) \[[@b23]\]. The increase in sputum neutrophils was also directly related to exacerbation severity (p\<0.01).

Although traditionally viewed as a neutrophil-predominant inflammatory response, eosinophilic airway inflammation also plays a role in exacerbations of COPD \[[@b36], [@b37]\]. In a study of 82 patients with COPD, treatment to reduce eosinophilic airway inflammation was associated with a significant reduction in the frequency of COPD exacerbations requiring hospital admission \[[@b37]\]. In particular, an increase in sputum eosinophils has been detected in exacerbations associated with viral infections, but their role as biomarkers for viral exacerbations either in the presence or absence of a bacterial co-infection has yet to be confirmed \[[@b23], [@b38]\].

Clinical consequences of exacerbations {#s2c}
--------------------------------------

It is well established that severe exacerbations of COPD requiring hospitalisation are associated with high in-hospital mortality, with one meta-analysis citing an average in-hospital mortality rate of 6.7% \[[@b39]\]. However, it has been shown that the critical period for mortality exceeds the duration of hospitalisation, increasing the estimated overall average case fatality rate for severe exacerbation resulting in hospitalisation to 15.6% \[[@b39]\].

Exacerbations (especially frequent exacerbations) are also associated with profound long-term effects in terms of worse HRQoL, peripheral muscle weakness, reduced physical activity and exercise endurance, and poor disease prognosis \[[@b6], [@b26], [@b40]--[@b48]\]. This may not be surprising considering that several studies have demonstrated that the frequency of exacerbations contributes to long-term decline in lung function of patients with COPD \[[@b6], [@b49]--[@b51]\]. However, some predominantly older studies have reported little impact of exacerbations on lung function, but these studies did not define exacerbations as currently accepted and the landmark study by F[letcher]{.smallcaps} and P[eto]{.smallcaps} \[[@b52]\] only studied mild patients with relatively few events \[[@b53], [@b54]\]. The impact of COPD exacerbations on decline in lung function is, therefore, still uncertain and the heterogeneity of COPD has been proposed as the most likely explanation for the variable susceptibility of lung function to exacerbations \[[@b55]\]. It has been proposed that COPD can be divided into subtypes that are dominated by either parenechymal pathology or small airways disease and that have COPD phenotypes, including exacerbation frequency and level of functional impairment, which may differ within subtypes \[[@b55]\].

Definitions of an exacerbation {#s2d}
------------------------------

The definition of an exacerbation by GOLD is "an acute event characterised by a worsening of the patient's respiratory symptoms that is beyond normal day-to-day variations and leads to a change in medication" \[[@b2]\].

Although definitions of exacerbations often vary between clinical studies, they are usually based upon clinical presentation (severity of the symptoms) and/or healthcare resource utilisation \[[@b2], [@b56]\]. Recent pivotal studies, *e.g.* the Understanding Potential Long-Term Impacts on Function with Tiotropium (UPLIFT) study in 2008, define exacerbations as an increase or new onset of at least one respiratory symptom (cough, sputum, sputum purulence, wheezing or dyspnoea) for ≥3 days \[[@b12]\]. It is generally considered that moderate exacerbations are those requiring treatment with systemic glucocorticoids and/or antibiotics, while severe exacerbations are those that require hospitalisation \[[@b11], [@b57]\]. In the clinical studies evaluated in this review, most definitions are based on a worsening of symptoms that required additional treatment with systemic glucocorticoids and/or antibiotics, or that required hospitalisation ([table 1](#erj-40-06-1545-t01){ref-type="table"}) \[[@b11], [@b12], [@b14]\].

###### Clinical improvement in lung function and exacerbations in recent major clinical trials

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study \[ref.\]          Study duration   Study participants n                                                                                                                                                                                      Definition of exacerbation                                                                                                                                                                                                                                 Spirometry end-points                                                                                                              Exacerbations as end-points
  ---------------------- ---------------- ---------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------
  **INSPIRE \[14\]**          2 yrs                1323                                                                                                                                   Healthcare utilisation exacerbations were those that required treatment with oral corticosteroids and/or antibiotics or required hospitalisation                                                                                                                           Adjusted mean change (compared with run-in period) in post-bronchodilator FEV~1~ (L), averaged over 2 yrs:\                                         ≥1 exacerbations leading to therapeutic intervention: SFC 62% *versus* TIO 59%\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         SFC -0.01*versus* TIO 0.01; p=0.218                                                                              Rates of exacerbations per yr: SFC 1.28 *versus* TIO 1.32; RR=0.967; p=0.656\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    Rates of exacerbations requiring antibiotics per yr: SFC 0.97 *versus* TIO 0.82; p=0.028\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              Rates of exacerbations requiring systemic corticosteroids per yr: SFC 0.69 *versus* TIO 0.85; p=0.039\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     Incidence of exacerbations requiring hospitalisation: SFC 16% *versus* TIO 13%; p=0.085

  **POET-COPD \[13\]**         1 yr                2691           An increase in, or new onset of, more than one symptom of COPD (cough, sputum, wheezing, dyspnoea or chest tightness), with at least one symptom lasting ≥3 days and leading the patient\'s attending physician to initiate treatment with systemic glucocorticoids, antibiotics or both (criterion for moderate exacerbation) or to hospitalise the patient (criterion for severe exacerbation)                                                       NR                                                                  Time to first exacerbation (first quartile of patients): TIO 187 days *versus* SAL 145 days (17% reduction in risk with TIO, p\<0.001)\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              Reduced risk of moderate exacerbation: TIO *versus* SAL 14%; p\<0.001\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               Reduced risk of severe exacerbation: TIO *versus* SAL 28%; p\<0.001\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                Reduced risk of exacerbations leading to systemic glucocorticoids: TIO *versus* SAL 23%; p\<0.001\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       Reduced risk of exacerbations leading to antibiotics: TIO *versus* SAL 15%; p\<0.001

  **TORCH \[11\]**            3 yrs                6112                                                                                                                                     A symptomatic deterioration requiring treatment with antibiotic agents, systemic corticosteroids, hospitalisation or a combination of these                                                                                                                                             Adjusted mean change in post-bronchodilator FEV~1~ (L), averaged over 3 yrs\                                     Rates of exacerbations per yr: SFC 0.85, SAL 0.97, FLU 0.93, placebo 1.13; p\<0.001 (active treatment *versus* placebo)\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            Difference *versus* placebo:\                                          Rates of exacerbations requiring systemic corticosteroids per yr: SFC 0.46, SAL 0.64, FLU 0.52, placebo 0.80; p\<0.001 (active treatments *versus* placebo)\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    SFC 0.092; SAL 0.042; FLU 0.047; p\<0.001 (active treatment *versus* placebo)                          Rates of exacerbations requiring hospitalisation per yr: SFC 0.16, SAL 0.16, FLU 0.17 , placebo 0.19; p\<0.05 (CT and SAL *versus* placebo)

  **UPLIFT \[12\]**           4 yrs                5993                                                                                                An increase in, or the new onset of, more than one respiratory symptom (cough, sputum, sputum purulence, wheezing or dyspnoea) lasting ≥3 days and requiring treatment with an antibiotic or a systemic corticosteroid                                                                                                         Mean improvements in FEV~1~ (mL) Range of differences *versus* placebo:\                                                               Time to first exacerbation: TIO 16.7 months*versus* placebo 12.5 months\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                           TIO 87--103 pre-bronchodilation; TIO 47--65 post-bronchodilation; p\<0.001 for both time-points                                                      Time to first hospitalisation: TIO *versus* placebo 0.86; p=0.002\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           Reduction in mean number of exacerbations: TIO *versus* placebo 14%; p\<0.01
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

INSPIRE: Investigating New Standards for Prophylaxis in Reduction of Exacerbations; POET: Prevention of Exacerbations with Tiotropium; COPD: chronic obstructive pulmonary disease; TORCH: TOwards a Revolution in COPD Health; UPLIFT: Understanding Potential Long-Term Impacts on Function with Tiotropium; FEV~1~: forced expiratory volume in 1 s; SFC: salmeterol and fluticasone propionate; TIO: tiotropium 18 μg once daily; NR: not recorded; SAL: salmeterol 50 μg twice daily; FLU: fluticasone propionate 500 μg twice daily; CT: combination therapy.

Although there are many reasons why results cannot be directly compared across clinical studies, the absence of a consistent definition for exacerbations has been a major limitation to cross-study interpretation \[[@b56], [@b58]\]. This has led to the development and validation of the Chronic Pulmonary Disease-Patient Reported Outcomes (EXACT-PRO) tool, a 14-item questionnaire that aims to provide a standardised method of defining and reporting exacerbations based on symptoms, which is currently undergoing validation \[[@b59]\].

EFFECT OF BRONCHODILATORS ON EXACERBATIONS IN COPD {#s3}
==================================================

As mentioned previously, inhaled long-acting bronchodilators are central to the management of COPD and are effective at reducing symptoms and preventing further exacerbations \[[@b2], [@b9], [@b11], [@b12], [@b14]\]. Currently available LABAs include salmeterol and formoterol (administered twice daily) and indacaterol (once daily), and the LAMA tiotropium (once daily). However, new long-acting agents are in development, including LABA and LAMA combination therapies. Both classes of bronchodilator act by relaxing airway smooth muscle tone. LABAs stimulate β~2~-adrenergic receptors and provide functional antagonism to bronchoconstriction, whereas LAMAs prevent acetylcholine binding to muscarinic receptors that are involved in smooth muscle contractions \[[@b60]\]. The resulting bronchodilation leads to increased functional or inspiratory lung capacity (with lung deflation), lessening the dyspnoea and the limitations placed upon patients' ability to undertake everyday activities \[[@b11], [@b12], [@b61]--[@b63]\].

In terms of preventing COPD exacerbations, data for current twice-daily LABAs are mixed. To date, evidence from formoterol studies indicates that this agent has no significant benefit on moderate and severe exacerbations \[[@b10], [@b64]--[@b66]\]. In contrast, efficacy data for salmeterol has shown a beneficial effect in most, but not all studies \[[@b67], [@b68]\]. In the large, 3-yr TORCH (Towards a Revolution in COPD Health) study (n=6,112), which had greater statistical power than previous salmeterol/formoterol studies, salmeterol significantly reduced the annual rate of exacerbations, exacerbations requiring treatment with systemic corticosteroids and exacerbations requiring hospitalisation compared with placebo (p\<0.05 for all) ([table 1](#erj-40-06-1545-t01){ref-type="table"}) \[[@b11]\]. It should be noted that none of the aforementioned formoterol and salmeterol studies were specifically designed to examine exacerbation rate.

Early clinical studies of the once-daily LAMA tiotropium demonstrated increased efficacy compared with placebo and/or salmeterol in preventing moderate and severe COPD exacerbations and exacerbation-related hospitalisations, and lengthening the time to first COPD exacerbation \[[@b69], [@b70]\]. However, in these studies, exacerbation data were collected as adverse events. In response to these preliminary findings, two placebo-controlled clinical studies were specifically designed to prospectively test the hypothesis that tiotropium reduces exacerbations in patients with COPD \[[@b46], [@b71]\]. In these studies, both of which involved \>1,000 patients, tiotropium significantly reduced the proportion of patients with at least one COPD exacerbations over 6 months (p=0.037) \[[@b46]\] and 1 yr (p\<0.01) \[[@b71]\]. Time to first exacerbation was significantly extended in the 6-month (p=0.028) \[[@b46]\] and 1-yr study (p\<0.001) \[[@b71]\]. While the 1-yr study was not powered to detect a reduction in exacerbation-related hospitalisations \[[@b71]\], exacerbation-related hospitalisation was a primary end-point in the 6-month study, during which the proportion of patients with at least one exacerbation-related hospitalisation tended to decrease with tiotropium (p=0.056), and time to first exacerbation-related hospitalisation tended to increase (p=0.055) \[[@b46]\].

More recently, the 4-yr UPLIFT trial evaluated the effect of tiotropium on the rate of decline in mean forced expiratory volume in 1 s (FEV~1~), as well as exacerbations \[[@b12]\]. In this large study, 5,993 patients with moderate-to-severe COPD received tiotropium or placebo in addition to their usual treatment. Although tiotropium did not significantly reduce the rate of decline in lung function, time to first exacerbation, time to first hospitalisation for exacerbations and mean number of exacerbations were all significantly improved compared with placebo ([table 1](#erj-40-06-1545-t01){ref-type="table"}) \[[@b12]\]. In a pre-specified sub-set analysis of patients from the UPLIFT study with GOLD stage II COPD, tiotropium improved exacerbation rate, time to first exacerbation and hospitalisation for exacerbation \[[@b61]\].

Clinical studies of the once-daily LABA indacaterol also show that it has increased efficacy *versus* placebo in preventing exacerbations. In the recent Indacaterol *versus* Tiotropium to Help Achieve New COPD Treatment Excellence (INHANCE) study, 150 μg of indacaterol significantly reduced the time to first COPD exacerbation (HR 0.69, p=0.019) and the rate of COPD exacerbations (rate ratio 0.67 *versus* placebo, p=0.044) *versus* placebo \[[@b72]\]. Furthermore, the twice-daily LAMA aclidinium and once-daily LAMA NVA237 (glycopyrronium), which are in development for COPD, have demonstrated increased efficacy *versus* placebo in preventing moderate and severe exacerbations \[[@b73]--[@b75]\]. In the phase III Aclidinium To Treat Airway obstruction In COPD Patients (ATTAIN) study, the rate of exacerbations of any severity was significantly lower with 200 μg and 400 μg of aclidinium *versus* placebo (rate ratio with 200 μg of aclidinium was 0.72 *versus* placebo (p\<0.05) and 0.67 (p\<0.05) with 400 μg of aclidinium *versus* placebo). The frequency of moderate or severe exacerbations was also lower for aclidinium 200 μg and 400 μg *versus* placebo, although the rate ratios did not reach statistical significance (0.74 (p=0.08 ) and 0.72 (p=0.06), respectively) \[[@b74]\]. In the recently completed phase III GLOW1 study, 50 μg of NVA237 significantly decreased the risk of a moderate-to-severe COPD exacerbation by 31% (p=0.023) \[[@b73]\].

Time to first exacerbation is considered the most robust way to measure exacerbations in clinical studies \[[@b57]\]. This end-point is unlikely to be affected by early discontinuations and associated missing data \[[@b57]\], which is generally considered a limitation for most studies in COPD, including the TORCH and UPLIFT studies \[[@b76]\]. Furthermore, the data distribution is generally less skewed than for the annual number of exacerbations, and it is less affected by patients who have a disproportionately high number of exacerbations. However, in many studies exacerbations are secondary outcomes, and the studies are not designed in the optimal way to examine effect of treatment on exacerbations. The Prevention of Exacerbations with Tiotropium (POET)-COPD study was specifically designed to compare the effects of a LAMA (tiotropium) and LABA (salmeterol) on the risk of exacerbations \[[@b13]\]. The results of this study showed that once-daily tiotropium was superior to twice-daily salmeterol in prolonging the time to first exacerbation, and reduced the risk of an exacerbation by 17% ([table 1](#erj-40-06-1545-t01){ref-type="table"}). However, once-daily LABAs such as indacaterol are now becoming available in Europe, and there is some clinical evidence that outcomes with indacaterol are similar to those with tiotropium \[[@b72], [@b77]\]; this is being investigated further in an ongoing phase III study comparing the effects of indacaterol and tiotropium on exacerbations ([www.clinicaltrials.gov](www.clinicaltrials.gov) identifier: NCT00845728).

Recommendations for the use of ICS in COPD centre on their effectiveness in patients with frequent exacerbations (≥2 per year), severe airflow limitation (GOLD stage 3 or 4 defined as FEV~1~ ≤30% or \<50% of predicted, or \<30% predicted, respectively), and significant health status impairment based on modified British Medical Research Council or COPD Assessment Test score \[[@b2]\]. Combinations of LABA plus ICS (salmeterol/fluticasone and formoterol/budesonide) have been shown to significantly reduce exacerbation frequency in patients with COPD to a greater extent than using a LABA or ICS alone (p\<0.05 for all comparisons) \[[@b10], [@b65], [@b67]\]. However, in the INSPIRE (Investigating New Standards for Prophylaxis in Reduction of Exacerbations) study ([table 1](#erj-40-06-1545-t01){ref-type="table"}) that compared LABA plus ICS (salmeterol/fluticasone propionate) with tiotropium, overall exacerbation rates were similar \[[@b14]\]. Comparing the two treatments in this study, exacerbations requiring systemic corticosteroids occurred less frequently in patients receiving salmeterol/fluticasone propionate than in those receiving tiotropium, while those requiring antibiotics were less frequent in the tiotropium-treated patients than in those receiving salmeterol/fluticasone propionate (both p\<0.05) \[[@b14]\]. This suggests that the two treatments exerted their effects on exacerbations *via* different mechanisms, and raises the possibility that the different drug classes of bronchodilator are affecting exacerbations (or types of exacerbations) in different ways; these differences may also reflect the anti-inflammatory effects of the ICS component \[[@b14]\]. For example, sputum eosinophilia is associated with corticosteroid responsiveness, whereas an exacerbation characterised by high bacterial load will have a favourable response to antibiotics \[[@b38]\].

Bacteria-associated and sputum eosinophil-associated exacerbations rarely coexist and, because they are repeatable in patients with multiple exacerbations, they can be predicted from the stable state \[[@b38]\]; thus, it may be possible, and appropriate, to provide targeted tiotropium monotherapy in patients with bacteria-associated exacerbations, and combined bronchodilator/ICS therapy in patients with sputum eosinophil-dependent exacerbations. Furthermore, COPD exacerbations that begin with bacterial symptoms (sputum purulence) are more likely to have sudden, rather than gradual, onset \[[@b29]\], suggesting that sudden onset exacerbations may be preferentially preventable with bronchodilators, whereas gradual onset exacerbations may require the addition of corticosteroid therapy.

POTENTIAL MECHANISMS FOR PREVENTING EXACERBATIONS {#s4}
=================================================

Since most exacerbations are considered to be of infectious aetiology, leading to increased small airway inflammation, the mechanisms by which long-acting bronchodilators prevent exacerbations are unclear \[[@b46], [@b78]\]. The mechanical effects of an exacerbation are shown in [figure 2](#erj-40-06-1545-f02){ref-type="fig"}. Bronchodilators may act by re-setting the threshold of lung function/dynamics (end-expiratory lung volume (EELV) and residual volume) at which an exacerbation is triggered. Improvements in resting inspiratory capacity (IC) have been shown to occur as a result of treatment with all classes of bronchodilators \[[@b3]\]. Increases in IC after bronchodilator therapies, which signify a reduction in EELV, result in a reduced work and oxygen cost of breathing \[[@b79]\]. This lung deflation primarily reflects an improvement in mechanical lung emptying (*i.e.* reduced airway resistance) and increased functional strength of the inspiratory muscles, rather than increasing the static elastic recoil of the lung \[[@b3], [@b79]\]. Increased IC at rest is an important element in the decrease in dynamic EELV during exercise that occurs with bronchodilator treatment, compared with placebo \[[@b3]\].

![Schematic diagram of the mechanical effects of chronic obstructive pulmonary disease (COPD) exacerbation. Representative pressure--volume plots during a) stable COPD and b) COPD exacerbation. During exacerbation, worsening airflow limitation results in dynamic hyperinflation with increased end expiratory lung volume (EELV) and residual volume (RV). Corresponding reductions occur in inspiratory capacity (IC) and inspiratory reserve volume (IRV). Total lung capacity (TLC) is unchanged. As a result, tidal breathing is shifted right on the pressure--volume curve, closer to TLC. Mechanically, increased pressures must be generated to maintain tidal volume (*V*~T~). At EELV during exacerbation, intrapulmonary pressures do not return to zero, representing the development of intrinsic positive and expiratory pressure (PEEP~i~) which imposes increased inspiratory threshold loading (ITL) on the inspiratory muscles (inset). During the subsequent respiratory cycle, PEEP~i~ must first be overcome in order to generate inspiratory flow. Δ*P*: pressure change. Reproduced from \[[@b4]\].](erj-40-06-1545-f02){#erj-40-06-1545-f02}

The reduction in exacerbations during treatment with long-acting bronchodilators may be explained, in part, by sustained bronchodilation and the consequent improvement in airflow and reduction in lung hyperinflation, resulting in a reduction in dyspnoea \[[@b13], [@b71], [@b78]\], Reduced lung hyperinflation has been demonstrated with bronchodilators during rest and exercise, leading to increased exercise endurance time \[[@b79]--[@b83]\]. Reduction in lung hyperinflation during exacerbations may lessen the ventilation/perfusion imbalance, so that patients may be less vulnerable to triggers of exacerbations \[[@b84]\]. Indeed, improvement in hyperinflation correlates better with improvements in exacerbation frequency than FEV~1~ \[[@b85]\].

It is possible that, in addition to bronchodilator effects and resultant reductions in lung hyperinflation, long-acting bronchodilators may also have direct or indirect effects on lung inflammation but, to date, there is little clinical evidence that LABAs or LAMAs are directly associated with improvement in airway or systemic inflammation \[[@b86]\]. It has been suggested that the INSPIRE study finding that tiotropium resulted in similar reductions in exacerbation rates compared with combination salmeterol/fluticasone propionate \[[@b14]\], which has been associated with reduced lung inflammation in COPD \[[@b87]\], indicates that tiotropium may also have an anti-inflammatory effect \[[@b87]\]. Evidence for an anti-inflammatory effect of combination therapy came from bronchial biopsies, whereas sputum analysis revealed little evidence of an anti-inflammatory effect \[[@b85], [@b86]\]. Combination therapy was associated with significant reductions in CD8+, CD4+ and CD6+ cells in bronchial biopsies. In sputum, there was no significant reduction in interleukin (IL)-8 or eosinophilic cationic protein, and a small but significant decrease in the proportion of sputum neutrophils and eosinophils.

Muscarinic receptor activation appears to have pro-inflammatory effects in a variety of cells, and *in vitro* studies have demonstrated that tiotropium exhibits an anti-inflammatory effect, including inhibition of acetylcholine-induced release of leukotriene (LT)B~4~ from human isolated lung alveolar macrophages and A549 cells \[[@b88]\], regulation of CD4+ and CD8+ apoptosis of peripheral blood T-cells from patients with COPD \[[@b89]\], and inhibition of the pro-inflammatory effects of acetylcholine in neutrophils isolated from patients with COPD \[[@b90]\]. Such findings do suggest that LAMAs are capable of exerting anti-inflammatory effects, as well as bronchodilator effects \[[@b85]\]; however, this is currently not supported by *in vivo* studies in COPD. In a study directly evaluating the effect of tiotropium on exacerbations in COPD and associated inflammatory markers in sputum and in serum, a 52% reduction in exacerbation frequency was observed, but there was no corresponding significant change in IL-6 or myeloperoxidase (as evidence of the presence of neutrophils), although it is possible that measurement of sputum cytokines is not the optimal means of assessing airway inflammation \[[@b86]\]. In this study, change in LTB~4~ or transforming growth factor-β, which may be more relevant to cholinergic effects, were not measured. Additionally, the measurements of inflammatory markers were made on sputum and airway secretions and, therefore, might not reflect changes in bronchial mucosa \[[@b85], [@b91]\]. The LABAs salmeterol and formoterol also elicit an anti-inflammatory effect on cells. Both LABAs have been shown to decrease neutrophil recruitment, activation and function *in vitro*; however, the relevance of these findings to COPD patients is unclear \[[@b92]\]. Further investigations into inflammatory mechanisms of LABAs and LAMAs are warranted and, in particular, appropriate inflammatory markers should be measured in lung biopsies \[[@b87]\].

In COPD, mucus hypersecretion may contribute to airflow obstruction and increase the risk of pulmonary infection \[[@b85], [@b91]\]. It has been speculated that extended bronchodilation from tiotropium might reduce infection rates by improving clearance of respiratory secretions, such as sputum production during exacerbations, which in turn improves lung defence mechanisms \[[@b46]\]. As with the putative anti-inflammatory effect of long-acting bronchodilators, clinical trials have yet to convincingly demonstrate a reduction in mucus output with these agents in patients with COPD \[[@b85]\].

Given that viral infection is an important trigger of COPD exacerbation, preliminary evidence suggesting that tiotropium can inhibit viral activity in the lung \[[@b93], [@b94]\] may be relevant in relation to tiotropium-induced reductions in COPD exacerbation rates \[[@b85]\]. Viral inflammation-induced changes in neuronal M2 receptors have been shown to be associated with enhanced acetylcholine release in animal models of asthma \[[@b95]\] and, although the neuronal M2 receptor appears normal in patients with stable COPD, this has not been investigated in patients with viral-induced exacerbations \[[@b85]\].

Bronchodilators have been described as the pharmacological equivalent of lung volume reduction surgery (LVRS) \[[@b79]\]. The National Emphysema Treatment Trial showed that LVRS achieved significant improvements in exacerbation frequency and time to first exacerbation \[[@b96]\]. The effect on exacerbations could be attributed to a quite modest bronchodilator effect and those patients with the largest post-operative improvement in FEV~1~ had a significantly longer time to first exacerbation ([fig. 3](#erj-40-06-1545-f03){ref-type="fig"}). Indeed, the same mechanical principle in LVRS, *i.e.* stabilisation of the airways and reduction of air trapping, may explain the reduction of exacerbations observed with tiotropium \[[@b97]\]. Significant correlations between changes in FEV~1~ and exacerbation frequency have been demonstrated for tiotropium (p=0.003) \[[@b98]\]. However, in contrast to bronchodilator therapy, increased elastic lung recoil pressure and decreases in dead space-to-alveolar ventilation ratio are important mechanisms of lung deflation in LVRS \[[@b99], [@b100]\].

![Time-to-event analysis of exacerbation-free survival in patients according to their forced expiratory volume in 1 s (FEV~1~) response to lung volume reduction surgery. Surgical responders were defined as those with a 6-month improvement in FEV~1~ \>0.2 L and surgical non-responders as those with an FEV~1~ improvement \<0.2 L. Reproduced from \[[@b96]\] with permission from the publisher.](erj-40-06-1545-f03){#erj-40-06-1545-f03}

Recent studies have demonstrated that combining LAMA and LABA bronchodilators have additive effects on airway function in patients with moderate-to-severe COPD \[[@b83], [@b101], [@b102]\]. Therefore, if the beneficial effect of bronchodilators on exacerbations is due to reduced airway resistance, improved IC and reduced hyperinflation, which is likely, then the improved lung function that can be achieved using combined LABA and LAMA bronchodilators (*versus* either alone) should also confer further benefits in terms of exacerbations. However, this remains to be confirmed in appropriately designed clinical studies.

Evidence indicates that once-daily LAMAs and LABAs have superior bronchodilation and clinical efficacy over twice-daily agents, as demonstrated by the superior effect of tiotropium compared with salmeterol on exacerbation outcomes in the POET-COPD study \[[@b13]\]. This may simply reflect the action of a more potent bronchodilator \[[@b103], [@b104]\]. The sustained 24-h bronchodilator effect of a once-daily bronchodilator compared with the more variable effect of a twice-daily agent may also be relevant ([fig. 4](#erj-40-06-1545-f04){ref-type="fig"}) \[[@b105]\]. The range of long-acting bronchodilators available to treat COPD has expanded with the availability of the once-daily LABA, indacaterol, for which there is some clinical evidence that outcomes are at least as good as those with tiotropium \[[@b72], [@b77]\], Further research into the effect of bronchodilator treatment on exacerbations could usefully compare these two once-daily bronchodilators.

![Schematic model of the effects of long-acting (once daily or twice daily) *versus* short-acting (four times daily) bronchodilators on 24-h airway tone (pharmacological stenting). With extended duration of bronchodilation, the net area under the time/airflow curve increases, and persistent bronchorelaxant effects of once-daily and twice-daily bronchodilators lead to increased morning forced expiratory volume in 1 s (FEV~1~) following the last inhalation (trough FEV~1~). Reproduced from \[[@b105]\].](erj-40-06-1545-f04){#erj-40-06-1545-f04}

CONCLUSIONS {#s5}
===========

Exacerbations are a critical outcome measure in COPD that are associated with poor HRQoL, place a greater burden on the healthcare service and, ultimately, shorten survival. There is a large body of clinical evidence showing that long-acting bronchodilators are effective in preventing both moderate and severe exacerbations. Although various mechanisms are likely to be involved in the effect of bronchodilators on exacerbations, the most important probably involves reduction of hyperinflation and a re-setting of lung function dynamics. It is possible that future developments in bronchodilator treatments will further improve the efficacy of these agents on this critically important feature of COPD.
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